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FOREWORD

This interim report details the results of Sun Tech's studies in Phase 1 of
this contract.

Preliminary Process Analyses (Phase 1) was carried out under Contract
F33615-78-C-2024. The program 1is sponsored by the Aero Propulsion
Laboratory, Air Force Wright Aeronautical Laboratory, Wright-Patterson AFB,
Ohio, under Project 3048, Task 05 and work unit Ol. Ms. Eva M.
Conley/AFWAL/POSF, was the assigned Air Force Project Engineer.

Phase 1 work reported herein was performed during the period of 2 January
1979 to 1 July 1979 under the direction of Dr. Abraham Schneider,
Scientific Advisor, Sun Tech, Inc: This report was released by the authors
in September 198).

Sun Tech's program manager wishes to express his appreciation to Major D.
Potter, USAF, and Lt. E. N. Coppola, USAF for their help in formulating the
economic assumptions upon which the financial aspects of Phase I are based
and to Dr. Herbert Lander and Ms. Eva M. Conely, for their assist>nce in
overcoming administrative and logistical problems associated with this
project.

The authors wish to thank E. J. Janoski for his contributions in the area
of HCl extraction and S. Fiorelli and T. J. McDowell for their assistance
in estimating plant investments and operating costs.

This report is Part 1 of a planned number of parts of an exploratory
research and development program leading to specifications for aviation
turbine fuel from whole crude shale oil. Part I, Preliminary Process
Analyses, evaluates three different technically feasible processing schemes
proposed by Sun Tech, Inc. for converting 100,000 BPCD of raw Paraho shale
0il into military turbine fuels. Ou.ier parts will follow as the different
phases of the program are completed.
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SECTION 1

SUMMARY

This report covers work perforwed by Sun Tech, Inc. in Phase I of a con-
tract with the United States Air Force. The Phase I objectives were to
define and evaluate on paper the technology and potential economics (with-
out the benefit of adequate laboratory and pilot plant data) for three
different processing schemes for converting 100,000 barrels per calendar
day of raw Paraho shale o1l into aviation turbine fuels. Each processing
scheme was developed using 1imited data generated by Sun Tech plus litera-
ture sources. Screening-type process design bases and cost estimates were
prepared to compare various costs for maximum yields of JP-4 versus JP-8
Jet fuel and to compare maximm yjelds of selected jet fuels versus a full
slate of military fuels. Basic assumptions and conditions for developing
Phase 1 economics were specified by the U. S. Air Force. No attempt was
made in Phase 1 to optimize the processing configuration or product slate

for maximum efficiency or minimum costs.

The Base Case consists of hydrotreating the whole crude shale oil, washing
with 80% sulfuric acid to remove the basic nitrogen compounds, followed by
conventional fractionation to prepare either JP-4 jet fuel or JP-8 jet

fuel.
Alternate Case IA-1, JP-4 preparation and alternate Case IA-2, JP-8
preparation processing schemes consist of hydrotreating the whole crude

shale oi1, HC! treating the hydrotreated product to extract the basic

-1 -
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nitrogen compounds, followed by conventional fractionation, hydrocracking

and distillation.

Alternate case I1IA-1, JP-4 preparation and Alternate Case IIA-2, JP-8
preparation processing schemes consist of hydrotreating the whole crude
shale 0il, n,n-dimethylformamide (DMF) extraction of the heavy distillate
fraction from the hydrotreated product to remove nitrogen and aromatic
compounds, followed by conventional fractionation, hydrocracking and dis-

tillation.

Overall thermal efficiencies vary from 82% in the Base Case to 74-76% in
the alternate cases. Yields of JP-4 and JP-8 in the Base Case are about
29 and 36 volume percent of the crude, respectively. In alternate Cases
IA-1 and IIA-1, JP-4 is produced in yields of about 111 and 101 volume
percent, respectively. In alternate Cases IA-2 and I1IA-2, JP-8 is pro-

duced in yields of about 69 and 64 volume percent, respectively.

v——



SECTION 11
INTRODUCT ION
The purpose of the Phase I program is to define and evaluate Sun Tech's

concept for processing raw Paraho shale oil into high yields of military

turbine fuels. Prior work to produce aircraft turbine fuels from Paraho

shale o1l indicated that a yield of about 70 volume percent JP-4 could be !

achieved. %

Three different, processing schemes--a base case and two alternates are
evaluated for processing 100,000 barrels per calendar day of raw Paraho !

shale oil.




SECTION 11l
BACKGROUND

In previous work sponsored by the Department of Energy and the Department
of Defense, Robinson demonstrated that specification quality JP-5 could be >
produced from raw Paraho shale oil (1). The manufacturing processing i
sequence consisted of the following three steps:
(1) Hydrotreating raw shale oil to lower its non-hydrocarbon content
and to increase the hydrogen to carbon ratio,
(2) Fractionating the hydrotreated shale oil into the desired boiling
range fractions, and
(3) Acid and clay treating to meet thermal and storage stability re-
quirements.
A variation of this processing sequence was chosen as the Base Case. The
variations consisted of the following processing steps: .
(1) Increasing hydrotreating severity to lower the total nitrogen
content of the reactor effluent to 300 ppm vs. 3000 ppm in the
reference,

(2) Washing of the hydrotreated shale oil with 80% sulfuric acid to

provide product stability and,
(3) Final distillation into the desired product boiling ranges.
Sun Tech's processing concept is based on in-house experience. Initially
raw shale oil is hydrotreated, as in the Base Case, then followed by dis-
tillation. The heavy fraction is extracted to further reduce its nitro-
gen content. The nitrogen content of the raffinate phase is now reduced

sufficiently for charging directly into a hydrocracker. The extract
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phase, which {s rich in heteroatoms, is then used to manufacture hydrogen
by partial oxidation. Through the use of moderate hydrogenation sever-

ity, hydrogen is conserved.

Whole crude shale oil typically contains approximately 2 weight percent
of nitrogen of which 50 to 70 weight percent is in the basic form. The
major portion of the nitrogen 1s present in five and six member rings
which are unsaturated and polycyclic in nature. Before crude shale ofl
can be processed into transportation fuels using conventional petroleum
catalytic conversion processes, the nitrogen level must be significantly
reduced or essentially eliminated to avoid poisoning the acid function of
catalysts. Removal of this nitrogen can be accompiished by hydrode-
nitrogenation as described by Cocchetto and Satterfield (2). Nitrogen,
for the most part, is present as heterocyclic compounds. It is reduced
to ammonia and removed as such or the heterocyclic compounds are satur-
ated'to basic nitrogen structures. All compounds are then extracted with
a mineral acid, such as HCl, to form an amine hydrochloride. Most of the
amine hydrochlorides are insoluble in hydrocarbons and form a dense and

viscous 1iquid phase which separates from the hydrocarbons in the system.

It has been reported by Dinneen (3) that fractions of Colorado shale oil
contain pyridines, indoles, quinolines, tetrahydroquinolines and more
complex structures. Hydrodenitrogenation of these compounds as described
by Mcllvried et al., generally proceeds by first saturating the nitrogen
bearing ring, breaking the carbon-nitrogen bond and then removing the

nitrogen from the amine as ammonia (4).
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It can be seen from the above model equation that hydrotreating converts
the unsaturated heterocyclic compound (pyridene) to the saturated struc-

ture (piperidine) or the aliphatic amylamine.

The addition of anhydrous HC! can form the hydrochloride salt of either

one or both of the nitrogen containing compounds.

It can be seen that hydrogen would be conserved by not proceeding all the

way to form ammonia.

Examination of the amine hydrochloride extract showed the presence of
both basic and neutral nitrogen. The ratio of basic nitrogen to total
nitrogen was 0.775. The ratio suggests a bonus of an additional 30%
removal of nitrogen per chlorine atom indicating that some molecules
contain both basic and neutral nitrogen.

Decomposition of the extract releases HC1 and the recovered extract can
be used for manufacturing hydrogen by partial oxidation. This process
can be represented by the following equations:




Heat
CSH.HNHZ-HC'I —=—p HC1t + CSH.HNHZ

Downstream processing converts the CO to H2 and CO, via the water-gas

shift reaction.

The processing sequence which uses anhydrous HC1 extraction is Alternate
IA of this report. Alternate IIA uses a selective solvent, such as
dimethylformamide, to extract basic nitrogen compounds plus some aro-

matics.




SECTION IV

PROCESS DETAILS

1. Base Case

The Base Case is shown schematically in Figure 1. This processing scheme
calls for hydrotreating raw Paraho shale oil to reduce the total nitrogen
content in the liquid effluent to 300 ppm. The hydrotreated product is
then sent to a sulfuric acid contacting plant to further reduce the
nitrogen level to less than 50 ppm. The product from the acid contacting
plant is distilled to yield either 29 volume percent JP-4 jet fuel or 36
volume percent JP-8 jet fuel, based on raw shale oil charged to the
hydrotreater. Other products produced include gasoline blendstock, #2
diesel fuel, #4D diesel or #4 fuel oil, and an 850°F+ bottoms residual
fuel that is used for hydrogen generation in a Texaco partial oxidation

process plant.

2. Alternates IA-1 and IA-2

Alternate IA-1 is shown schematically in Figure 2. In this alternate,
the total nitrogen content of the hydrotreated Paraho shale oil is 2000
ppm. The hydrotreated product is fractionated in atmospheric and vacuum
distillation units. The 180-450°F boiling material goes to a naphtha
hydrotreater to clean up the 1light distillate from the atmospheric
distillation to meet JP-4 product specifications. The 450-1000°F boiling
gas oil is sent to an HC1 treating plant which yields a nitrogen-rich




extract phase and a reduced nitrogen content raffinate phase. The raf-
finate is hydrocracked to maximize the yleld of aviation turbine fuel; in
this case 100 percent JP-4 jJet fuel. MHydrocracking yields and operating
conditions were estimated from previous DOE sponsored work (5) and in-
house data. The recovered extract is sent to a Texaco partial oxidation

plant to generate hydrogen.

Figure 3 is a schematic flow diagram for Alternate IA-2. This alternate
also incorporates hydrotreating, HCl treating, and hydrocracking in the
processing scheme but the distillation cut points are adjusted to maxi-
mize JP-8 jet fuel instead of JP-4. A c4~300'F gasoline blendstock is

produced as a co-product.

3. Alternates 1IA-1 and lIA-2

Alternate 1IA-1, shown in Figure 4, is similar to Alternate IA-1, except
that DMF extraction is employed instead of HC1 treating. The amine ex-
tract is used to generate hydrogen in a Texaco Partial Oxidation plant.
The raffinate from the extraction unit is hydrocracked to maximize JP-4
Jet fuel.

Alternate 11A-2, shown in Figure 5, also employs DMF extraction. How-
ever, the distillation cut points are adjusted to maximize JP-8 Jjet

fuel. A C,-300°F boiling range gasoline blendstock 1s also obtained.

4




4. Process Units

For the Base and Alternate Cases, a raw shale oil hydrotreater is used to
reduce the high nitrogen content present in raw Paraho shale oil. Figure
6 presents a simplified flow diagram of a raw shale oil hydrotreater and
whole crude distillation section. Guard reactors are used to remove
arsenic and 1iron, as well as to saturate olefins. The distillation
section is used in all cases. The cut points are adjusted to fit the
specific alternate. The vacuum still is used to obtain a 1000°F end
point gas oil. The 1000°F+ vacuum still bottoms is not used in subse- ]
quent extraction steps, since there was concern that its inclusion might

lead to the formation of emulsions.

Figure 7 presents a simplified flow diagram of a sulfuric acid contacting
plant for processing hydrotreated Paraho shale oil. This type of plant
is employed in the Base Case only. An 80% sulfuric acid stream is mixed
with hydrotreated shale oil at 5 pounds of acid per barrel of hydro-
treated shale oi1. The raffinate leaving the acid settler is washed with l
water before being sent to fractionation. The heavy extract phase is

neutralized with caustic or lime solution before leaving the plant.

A simplified flow diagram of an anhydrous HC1 treating plant is shown in
Figure 8. Vacuum dried atmospheric and vacuum gas oils are combined and

reacted with anhydrous HC1 in a stirred reactor. The HC1 raffinate is

separated from the nitrogen rich extract phase in the adduct settler. The
HC1 raffinate is then neutralized with a 15% caustic solution before

being sent to the hydrocracker. The HC1 extract is removed from the

-10 -




adduct settler and thermally decomposed to recover anhydrous HC1 which is
recycled to the stirred reactor. The decomposed extract is passed
through a lime treater before being used for generating hydrogen by
partial oxidation. The HC1 treating plant is used in Alternates IA-1 and
IA-2.

DMF extraction is used in Alternates IIA-1 and IIA-2. A simplified flow
diagram of the DMF extraction plant is shown in Figure 9. DMF and a wide
boiling gas oil fraction are fed countew ‘:untly into the extraction
column. The reduced nitrogen conten% =af<“#at: phase is taken overhead
and is stripped of DMF before being sest i ime hydrocracker. The nitro-
gen rich extract phase leaves the b“intow -if the extraction tower and is
stripped of DMF and dissolved raffinate. The extract is then sent to the
partial oxidation plant for hydrogen generation.

Raffinate hydrocracking is employed in all alternate cases to maximize
the yields of jet fuels. A schematic flow diagram of a single stage
hydrocracker with extinction recycle is shown in Figure 10. The hydro-
treating reactor is used to clean up the raffinate feed before it enters
the main hydrocracking reactor where most of the hydrocracking takes
place. The cut points taken off the fractionator are adjusted to fit a

specific alternate.

5. Material Balance Susmaries

Material balance summaries for maximizing JP-4 jet fuel from whole crude

shale oil1 are presented in Table 1. Refinery fuel, electricity, and

-1 -

(-




steam were converted to a fue) oi)l equivalent (FOE) basis. Based on
total energy input to the refinery, 26.8 volume percent JP-4 is produced
in the Base Case, 91.3 volume percent JP-4 in Alternate IA-1 using HCI
treating, and 88.2 volume percent JP-4 in Alternate IIA-1 using DMF

extraction.

Table 2 presents material balance summaries for maximizing JP-8. Using a
basis of total energy input to the refinery, 32.6 volume percent JP-8 is
produced in the Base Case, 57.1 volume percent JP-8 in Alternate IA-2
using HC! treating, and 56.0 volume percent JP-8 in Alternate lIA-2 using
DMF extraction.

6. Phase I Economic Evaluation

Guidelines for developing Phase I economics are given in Table 3. A
September 1978 cost base is used. Crude shale oil is valued at $16/Bbl
and all product fuels are equally valued at $21/8b1. These prices were
used for calculating interest charges for working capital. Preliminary

estimates of plant capacities and investments are presented for the Base

Case and for maximizing JP-4 in Table 4 and for maximizing JP-8 in Table

5. The main hydrotreater and the Texaco Partial Oxidation plants account
for the majority of the processing facility costs. Total capital
investments range from $582.0 millfon for the Base Case to $834.0 millfon
for Alternate IIA-]1. Preliminary product costs for manufacturing JP-4
from whole crude shale oil are given in Table 6 as: $0.59/gallon of

product for the Base Case, $0.61/gallon for Alternate IA-1 (HC1), and

$0.67/gallon for Alternate IIA-1 (DMF). Optimization studies were not

-12 -




performed for this evaluation. Preliminary product costs for wanufac-
turing JP-8 from whole crude shale oil are given in Table 7 as:
$0.59/gallon for the Base Case, $0.61/gallon for Alternate IA-2 (HC1),
and $0.66/gallon for Alternate IIA-2 (DMF). Results of the various pro-
cessing routes are summarized in Table 8. Plant investments ranged from
$5820/MB of raw shale oil feed for the Base Case to $8340/MB of raw shale
0il for Alternate I1IA-1 using DMF extraction.

-13 -




2.

3.

4.

SECTION V
CONCLUSIONS

Preliminary economics show that in the Base Case where a complete
range of transportation fuels is produced, the estimated total in-
vestment (Sept. 1978 midwest location) for a shale ofl refinery is
$582 x 10° vs. about $300 x 10% for a conventional petroleum
fuels refinery. This suggests that shale oil refineries are consid-
erably more expensive than a correspond'lng'petro'leum fuels refinery
of the same size. When JP-4 fuel is maximized, capital costs
increase to about $790 x 106 in the case of the HC1 Extraction
alternates and up to about $830 «x 105 for the DMF solvent extrac-

tion alternates.

Raw shale 0i) hydrotreaters are the most expensive refinery units in
the processing schemes with hydrogen manufacturing facilities and the
catalytic hydrocracker following in that order.

Total manufacturing costs vary between 59%¢ to 67¢ per gallon ($25 to
$28 per barrel) of product with raw shale ofl feed at the specified
cost of $16 per barrel. Maximizing the yield of a specific product

increases both capital investment and processing costs.

HC1 treating of hydrotreated shale oil provides an effective method
for removing nitrogen compounds from the hydrotreated shale oil,
while conserving hydrogen.




5. DMF extraction of hydrotreated shale oil is also an effective method
for removing nitrogen compounds from the hydrotreated shale oil, but
it is more capital intensive than HC1 extraction.

6. A minimum refinery thermal efficiency of 70% should be attained using

Sun Tech's proposed processing schemes.

-15 -




SECTION VI

RECOMMENDATIONS

It is recommended that:

2.

3.

4.

5.

Data needed to optmize processing schemes and balance product slates

be obtained in the pilot plant.

Trade-off studies be ungertaken to evaluate the relative merits of

HC1 treating versus DMF extraction of hydrotreated shale oil.

Operating severity in the raw shale oil hydrotreater required to pro-
duce sufficient extract to meet refinery hydrogen requirements be

defined.

Catalyst life studies be initiated for the raw shale oil hydrotreater

and gas oil hydrocracker catalyst systems.

The HC1 and DMF extracts be evaluated as potential feedstocks to the

Texaco Partial Oxidation plant for hydrogen generation.

-16 -




REFERENCES

E. T. ROBINSON, "Refining of Paraho Shale 0il Into Military
Fuels", 108th AIME Annual Meeting, New Crleans, La., Feb. 18-22,
1979

J. F. COCCHETTO and C. H. SATTERFIELD, Industrial Engineering
Chemistry, Process Design Division, Volume 15, No. 2, 1976.

G. U. DINNEEN, Proceedings of American Petroleum Institute, 42
(8), &1 (1962).

H. G. McILVRIED, Industrial Engineering Chemistry, Process
Design Development, Volume 10, p. 125 (1971).

R. F. SULLIVAN et al., "Refining and Upgrading of Synfuels from
Coal and 0i1 Shales by Advanced Catalytic Processes", Report
prepared for the Department of Energy by Chevron, U.S.A., under
Contract No. EF-76-C-01-2315, 1978.

-17 -




E
IEVD 3EVE - WVHOVIQ MOTS JLVNIHOS
O ITVHS OHVEVd MV ONINIJ3Y + 'Bid
$713NJ NOILVLNOJSNVUL WOJ YO WYIULS ¥3d SNOL LWOWS 0S/1S
NOLLYTNLSIO ONV ONIMSYM 0IDV ' ONILVIULONOAN AVO WY3U1S N3d ONNOd OSd &
AVO MVINLS U3d NIOOWGAH 1335 HHEND CNVONVLS :0S/%w 45
A¥0 WWONITWO U3d S13WeVE  0D¢e
AYO WY3N1S W34 STINNVE :0Sde
'0248 000’004 o |
80 UILVIUIONGAW OL G548 00C'OM
I1vY IDUVHD 40 O TIVHS ONVMVY WA :SISVE
"SISVE @81 MO WV SNOLLOVMS TV : 240M
3
0S48 928°04 3N WNOISIN LoVNLXE NNV © .Mmm o
(S$300Ud NOLLVOIXO TVILUWS COVXIL) o A1V ANIeS
ANV NI2ONOAH OL $MO0L100 ¢ 44000 N390UCAM dN-Invm
SIM 0546 162°)
pw
0S4 o JO1100265°0 sa1os
® ylw
0 13N4 ¥ 4 WO O 1304 AAM '
13530 Qvg OL OSdE EVE'IE 3.068- 069 o, @
1304 13530 a:
13N4 1SN0 OL 0S40 'zz T 1.069-086 | m . ¢ wadcz 31V IDUVNHD TETGTT f
ONION3 @ 13n4 135H0 3NISOUIN 2 Nuddos>  JMEWM | W wed 00t iv | 0Se@ 000'0N ~3d fot0 IS
y H ¥I1v3NL
¥0 1304 130 OL GS4e 1Z8'6E 3085 - O6¢ wm Csen szoun |05 M| osem siven | MIEAN 0334 | 3000 Foue
ONIONIIR ¥ -4 4O VHLSYN m
, o ps AN3A0I3M
3 INIOSYO HOLOW 0L OSdd 6vE'H 3.08€ - ORI o 3w MM | .
. ONIONII@ ¥-df U0 I borpasa 01 0337 $VO nos
INIT0SVD NOLOW OL 0Sd4 996'S . /%05 %08, €
SL1INN ONINI 334
1NV on-2vn 01 w3ivm 03T
0S/1S ¥9¥  VINOWMY NIDOWAAH *05%H %96
oL SON3 11 —
1NVe
as/1S 611 NI NS e———f ——
¥3AVIULONOAN OL 1 |
9S/% 45 4,00 7 G2°2:2 05d 4206192
0sd * 435,01 1 259650 | s
yomry YILYNOILIVES ONY
a....:._...: ¢U.¢Emo:uu¢ AM3A0I3N UILVINLOWOAN WOM4
29040 ) 3 SON3 17 @ Sv2 031N
0577335 401 3 vuz 9e) |MIDOUOAN 1 | Osegcstizos| s £3 050 o, veS'IuL
0 2H 498,01 X §L¥2
30 %ce
0156 0021 NIDANO
08/15 9661
as4e £99'01




: - - $S300Ud NOILYOIXO TWILWWG OJWX3IL : Odi
(9-df 50MW) | - Y1 JLYNNILV -INVEOVIO MONY DILVINIHOS 20 ™ o

61 ;

N0 IIWHS OHvHVd MVY OSNINI43Y 2 Did o dﬂ.»u«uﬂ.ﬁ Luoms ”u».a
AVO WYIWLS W34 NIDOMOAH 1334 JIGND GUVONYLS : 0S/%M 438

AVO WVONITVO W34 STFUVE 10348

$1304 NOI LVANOJSNVUL 804 NOILYTTHLSIO ONY !
ONDOVUOONGAN * IVIWL TOW * DM LVINLONGAH ) AVO WVINLS Uld STIWVE : OSeS
e 4O ¥ILY3NL0MGAH OL 0Te8 .%hm.%.
™ '
AP%%E% UVE FUVHD JO WO TIVHE ONVIVG MWW :SISVE
'SISVE dEL NO IV SNOILIVMS YW - 11oM
084 498 401 7 62£°60¢
0540 918°9 W on-3AVA )
NOILINILX3 0sd
PH ¢
0L 30N Ry A
0S8 £50'1L >
et )
4.0¢v - 08} w uIMWNd 0540 912'08 | uasvaus
F ase iesen) | OMAAN 3Avniadve | VM .
0S8 262'st | B MO $vO . om......«uu »n o
-— e
300-% | 8 3..m.on.o _ 00"
—] _‘I.l' - 0S4 3M 405 $OF  GE'WIZ ]
0S4 30 435 500 ¥ 6SSLY'S  OSd STM 4 SEP'2 NIDOWGAH o -~ INVI
3 ANV 1AM 0L o
ANV P oL 84 0 Sec'699 0S4 Sun g ev0'nd <
o i '
0 3
as48 €22°'s2 0S4 498 04 ¥ 19162 ucm“o.ﬂooo“- 2.
Tosve| 2
4,06 - 00} _ I an-rvn ° 1 s wed oc 3198 390YND
m‘ N_wed 000’z ] 0548 000'04 ..u»cu.: WO 37VHSE OMVIG
5 5 wIivaus
3 0Sd8 969°L1 20060 304a O
mm ® oses sozsz | ZE o.x:x SE
ose 2z | 33 oses ses'sz | THU0N P 1
3 . = ANIACOW $%H OL NV
3.08) - *3 Q848 bie'c 0S4 496 SOV G102 LM 0L
_ 2081~ % sw Y31vm unos
. 0S4 o 962'959
. 05474 495401 1 26000'1 0S4 $%H o 068) |\ iy ) $oN3 10
Anvid T oL 05d £ L2061 0S4 THn  60'S v *n 0L onv SYD 03379 -
son3d 1) A
N0 _ITIVHS MV $$3204d IVAI
{0ov¥x31) 24 2. om|~ 0S4 1S 6EY
A\
05dM 208 01 T 2 | juvre | 9599 v -— T . ) EDOVEION0AN
NIDOMOAH am.u: “.m_ :Mu. ANV 3 - ».r:nﬂ L] ucu..qw!'»oce..
aSd 1§ 2100'2 s 0S¢ S$7H ¢ 991082 WOl MILWM ¥NOS
O 30 an-3ivm
0
435 90 ¥ 68905 (uanwos3u)| 0S4 M 238 401 ¥ £¥EZ¥E J—
1NV
0Sa % 498 401 * 92v'cw | MI20¥GAN 0Sd £3 @ 960 195" s 0S4 3H 45 JOF T CYETVE
asd 23 o 960" 19¢"




$S3008d NOII¥OIXO WILUW OOVK3L : Odd
J0INOWO NIDOUGAH SNONAAMNY  + 1IN

AVO WYINAS W34 SNOL LWOMS :0S/iS

AVQ WV3NIS ¥3d ONNOG ' 0Sd o

AVO WY3ULS ¥3d NIDOUOAK 1334 DIGND OWVONVLS 05/ Tn 435
AYO NYONIWD N34 ST3kvE 1 0Dd8

AVOD NYINLAS ¥3d ST13uuve 1 0S4

u (8-dP'38N) 2-¥1 ILVNUILIV -NVEOVIO MO JHIVINIHOS

70 3TIVHS OHVYHVd MV OSNINIJ3Y € B4

$73N4 NOILLVLUOJSNVYEL MOJ NOILVITILSIO
OGNV ONDIOVMIOUGAH ‘LVIML 1DH " ONILVIWL0UOAH

asda 860'2
4% ¥ Odl 0L | syanooam
1Jvuix3 WH

‘0349 000°'00¢
¥O MIIVINIONOAM OL 0Sd@ 00001
JLVN IOUVHO 40 TO TIVHE OHVMVY MVY

SISVE ¢01 NO JuV SNOILIVNZ TV :3.0N

SIsSve

0S4 405 0 ¥ 204116
0s48 sez'es T
NOILINILXI K.
0L 343 !....Quu
0840 ISC'9Y m
—
40986-008 | o DoV 0809 £52'29 [wasvaus
. ] 0849 006'91) wo%o»ﬁ veaave | OH 0sea z59's
8‘ -y
- a iNvid ®n 0dL O
swoon > 054 92010 SM01100 + 44000
.
_||' oW n-Invw 0S4 195 OV T eEmZ
050 % 435 401 ¥ L61b2 0S4 $%H g ¥50°2 WIOOU0AN <N - IivA
NV LMM OL
v oL ~ 0Sd 20 4 vEL've6  0Sd THN G RuE'M 4
$01708
. cv'er . yiiwm
asde oi'ez G54 435 40\ 7 £060Z'S g,
2e088 - _ W en-nvw 3.0000-%¢5 | a3 s wit o5 Py——
To  wis 000’z | 088 oocon _cu»n..g W0 VMG OHvind
s ® gg [ e | oo Lat | 20 3o
nw 0sda 208'ex m ®
. 135 > 7T v aoes-on | E§
L B - AM3A0J3N $%M 0L 1nvie
2400¢ - % 0Sdd ¥19'S 08d 31 495 401 3 6L W2 LMM OL
A ——
_ 2,081 - ¥ s svo £ aiwm unos
invia Tn oy [O54TH JO8 40V % 00ZEET 0S4 STH 4 92\ vy 1w o1 g+
05d $9 4 ESE°2C 0S4 SHN 4 ISE'S 1NVd *H OL v svo 023% T
san3 1 $5300ud 312493
"0see 05T
0avxaL) fe—
054 %4 395 408 ¥ 00000 A:a.t. 0548 Lv6'L O o proy——— Jiwounmo)]  wawovusowasn
e
NID0U0AM 084 15 02 19 . neN e Suaivauiowans
054 15 056" wnans nins 05< ST 4 VEE'6NZ nou4 wnos
0sd %
208 J01 7 61V SIS (WInw03W) | ase¥n 395 404 ¥ IvEEES ANBACIRY
0Sd ¥H 498 01 ¥ $9E°SE} zwoo!-i 0sd 83 ¢ 298'c52" s ase aha.mo. s «o_.'o»nn.n.»n.
-~

- 20 -




(v-df %OW) |-VE JIVIZLW - NVNOVIO MOT3 DI IVWIHOS

O IWHS OHVHYY MVY ONINIJ3Y + 01J

STINY NOILVANOYEIWAL W04 NOLLYTNLISIO OW
000 XIVUIONGAN ‘NOILIVMAXD LNBATOS ° SN AVINALONOAN

0Sd 48 JOI T 991 L6

Ll 0dL QL
304

——
1WYix3 ININY

$53008d NOIIVOIXO TWILNW OWXIL 1044

AYO NVIULS U4 SNOL LNOMS :0B/iS

AVD WYRLLS ¥3d ONNOY 1084 o

AV WY3NLS M3d NIDONOAN 1334 JEND GUVONVLS 08/ 2%

AVO NVONITVD N34 ST1MVE 0348

AVQ WYULS N3¢ STINUVE 0S8

30INVINOSTAHLING - NN ¢ 480

348 000001 ¥O UILVIMIONGAN OL G848 000'0H

IAVY 32VHD JO O FIVHE OHVIVY W :SISVE

0Sde $26'v SISVE dG1 NO WV SNOLLIVIY TW : 310N
540 929'9

0848 088'\Y Th on-IvA
NOILOM L XD
01 313403 N Q549 90L°4 L uu_.“suu 4ma 0sd8 L
\.~ 31vNI3ave [ ana an-3uwm O
asee tw2'es | 3
20w -om | B 3
m [*—0s48 s00'sTr | -OWOMN 0549 260"
0540 520 ] o sve NV W ou»n oL
-
44088 - 72 SNOLL0G # 3,000t
QSd 3H 495 4O T GERIZ
08d W 408 ,00 € 16264 0S4 $Th o 96V - N39OBOAH dN - 3NV
b B o * 0se O3 oomriiee 0S4 b oty | LNV LR OL ‘
o Uaiw
asSee §23°62 084 476 401 ¥ 1£9.8°2 as49 .hoa ze e,
- R T 2000 -06v | 4%
.05 - 084 g= s wed 05 3Lvy IVYVHD
c w wed 000’z | 059@ 0000 w3iv3iui]wo 3w Onvew
e : 3lvius preodl IF—F T
m 8 . W M aSd@ 959'41t -ONGAN a334
am asee sz2'sz ©
PEN—— LALE
33 a548 Sve'se 3ivasl oo | 2§
0se8 226 | M3 - ONOAH s
5 E 33 X T AU3A0D3M S3H OL 1INV
4.000- 73 -8 e 054 % 495 OV G192 1MM 0L
_ 1,001 -% sv9 £ y3ivm unos
AIl.L asa s - 2oe asd o S54'959
054 W 43S 40 ¥ 288001 L ind BUTRLTEN $ON3 "1 ONY
NV 01 w . H S iNvid L : Svo 013M SLINN SNINIS3Y OL
asd 59 4 Z8s'y 0S4 & 65¥°S »zﬂmozu m." NIlva 3DAO
e
a8 o ovorie | A P RE o Oy - {nouA0) EIROVI0NAAN
o UTVHIONOAH
] o] v ; [ e
— 5 U3t
054 15 298"t unans 0S4 SIH o 25 999°692
30 en-nvn
qsd W 308 s .
40 5 $OZ 9I€ n..ul.&u..— 054 P 495 401 ¥ 1892°SE AUINOIN
>-— AINY W € ) n 2 asd T 228 x 1902°6C
0S4 P 495 401 * pRZUE £3 054 o 204'962 s o0
*0 N32080AH $3 0Sd 4 202'052

-2] -




$63004d NOILVOIXO WILNW OVXAL 04l
(9-df N) 3-V B FIVNEILW - Rviovio M0 JILVNIHOS AVG WWIALS N3 SNOL LMONS ‘O8/1S

RIS aNN0d : 0S4
10 JIVHS OHVNVd MVH ONINId3Y & Oid 2 on 4

A0 WVINLS ¥3d NIBONOAM 13324 2NN owvawvis 08/ 38

W0 WA WY Wid STINNVE : GXe

A0 NVNLS M n‘_!(.. : 0849

$130J NOIAVINOdSNVEL ¥Od NOILYTU.SIG ONV 30INVYNNOI AHLING - NN : SN0
SNINOVAOOMOAN ‘NOILOVMLX3 LNIATOS * ON| LVIHLI0U0AN QOJ8 000'00+ WO WILVINIONCAH 0L 0S8 000°01¢

VN IYVIO 40 WO TIVHE OHVINY My : SISVE
SISVE ¢8L MO UV NOILWAS TV :210M

‘Td 34 OdL OL QS4B evZ'y
1INQ0Ud 0548 6L1°S

QSd 496 401 X ¥EVO'I9 19VdLX3 NIV _
0849 §60'eE Ty dn- 3V
NOYAINILXI
ab48 1O¥°09 N0 N0 0Se ¥
o1 IMA IVl 1veLG e N0 N-DWN IA v

Wty
el L6V )Y W
34588 - 008 —
ase 12122 m o84 96¢°cO0} ..-3:.3 Qs 208'
4.006- % | )

L.

054 % 495 0 S L2
NFBOUOAH on-FUVW

1NV 3H OL AS..-:»S.E. HIKES 034 S 008" w ANV LM O

054 53 g 21i2'i60  OSd SHN g 9592
v daim
. qse8 g2u'se
8 084 438 404 T L0803'S
age 051'e2 oot 340001 - 68 mm
4908 - 008 $ wée 0g 21vi I0UN0
m.. N wid 0002 Shoqwu.o.. vasvau 30 Tme ovww
V341 -
aSdl 959°Lit - 070 7I0HM
mw ® asde 208'e8 Mm ont. L
S Ty u3LVIUL -
o340 225's m.w. Uy 1 -ovaam bl I A¥3A003W S™ 01 1NV
I-l, > .,
40008 - ¥3 LI | 0543 435 90V 1 P2 LMM 0L
_ 4000 - % sv9 £ LETL K L
Q84 % 495 404 ¥ GOTEG' 84 STH o 80T oumﬁ.ﬁﬂ..ﬂ.
s X 3 10 ONV
v in o1 * 084 85 4 2R 8;..!“.3..# ANV LA oL ANVIe TH 0L $vo 033 %W SLINN SNINMAI OL
SN 1) g TVAIN
asd 1S o5 NOMAHD) UI0WIAN
vinowwy a5d SHn o L15°C00 ¢ . ..uxnn_al_il_..
ANV .—a e
0Ins 05d SIH o 809°662 H L T
054 Ih 405
904 T 200°S08 asd 3N 438 400 & 2929°2% ANIACOIN
o 54 398 90V T SPOOT | imrren £5 ase ¢ 085'981Y st 054 P 438 /0 ® DA IS
o WIS0NOAN » £3 054 o 0OE'904 "1

- 22 -




NOILD3S NOILVILSIA 30NYD IT0HM

HIN3ND
L

HON3ND

6L/62/%
00/ UM
OGNV H3L1VIHIOHAAH M0 3IIVHS
40 WWHSVIa MO14 G3131TdNIS
$MN01108
+ 2,000 9 ainbi4
WOROVA ¥aLvaH
g
V¢ (EEXEN)
O SV
NN
17d LMM 0L
¥ILVM ¥NOS
YAV fl\ J
& YO SVO MY &— ]
NOI LI3FNI
W y3lww 3LSYM
o INISONIN «——] £
2
o YHIHAVN AAH @ .m.
k.no.wws.o!u..u_ m
VHIHIWN 17 T
HOSSININOD
e S¥9 310AI3
oL SON3 17 4
1% NIOOYOAH

JAUNMIATY J14103dS 113 O
QILSNIQY SINIOD LMD &

17 ONILYINL

MILVM ILSYM LM
NOLLYTNLSIO
ANIOY ONITIOR 3INNL :dBL
HOLVHVEIS
INSSINd MO :d3S dTY
HOLYYWIIS
3YNSSIND HOIH :dIS d'H
‘SALON

O IWHS 0N

HOAIVIY ¥ILVIWIONQAH

Q343LYM30 0334

H3Lvm

NiVeL N34

SUOLWIH OML HLIM SNIVIL
AATTVAIVE OML 0 SASISNDGD
NOILIIS ONILVINLOUAAM

:3JAON

SISV GEvNO

01 033% SYO

NIDOMOAH

-23 -

.




6L/ W/S
01/ 48

N0 ITWHS OHViVd (Q31v3HLO¥AAH
ONISS3O0ud ¥O4 INV1d OSNILOVINOD QIdV
21¥N4TINS 40 WYHOVIQ MOTd A3IHIdWIS
3Sv) 3sve

NOILNTOS QIOV
Q3ZVWHLN3N L 0530_&
- 1ovyix3 .".J

| T
! [ ]
[}
¥31113S NOHLATOS I 0
0321 VHLN3N ¥3IZITVHLNIN
v '
P 3
i “ 5
L}
h NOILAT0S 31
{1 80 D11SNVD
1
Y31VM ¥NOS
W3ILL3S ¥31113S
21VNI 4V ¢||.J ¥3LivM v

| _ - d NOLLN0S
*0s3 %00

u3IXIN
INITN
b YILVM




SL/N/S
Nr/4S

N0 3ITWHS OHVHVYd (Q3LVIHIOHAAH ONISS3I0dd
404 LINVd ONILV3IHL TOH SNOYAUAHNY

40 WWVHOVIA MOT4 A31d4INdWIS
2% 1-V) ILVYNNILY

NYN13Y / ANddNS
g8 3.nb14 SW1E HIMOL "IVA
Y
YIONVHIX3
SWOL108/0334 43ddI¥1S
2115nVd , e
N34S
1oVHIX3 @ 3108
-3y
-
1 |u3eenuds
) 1] disnvd ¥3iv3sL ¥3ddiuls '
] nnN PH w
] o~
» ]
194
SNONGAHNY
Q o Q
JUTPY M ¥31113s ¥31L43S
31150V 19naav
| A ¥3IZIIVHLNIN _ ]
115NV H
' ===
19971 | worovaw
w ¢ 1 o] a3wuls
X R
4 ] '
]
NOILN0S o 09A + 09V
211SAVI %S it 03180 WNNDVA




0 3TWHS IFTOHM
031V3¥L0HGAH WOYJ NOILOVYY TO
SVO ONINIA3Y ¥O4 INVId NOILOVHLIX3
dNG 40 WVNOVIG MOTd Q3IITdNWIS

OL IiVNIdsvY

1303 AUINIAIY ONV LNV - 6 ambigy
N3IOOMOAH Odl 0L LIVNLX3
m
3 d007 HO L0H WONJ
-4 JONVHIXI LVIH
¥3ddIHS L
QVINNIAD «
310403 _dnga Fo LovNIX3
b
YOLVMWIIS 3
UISNIANOD
P -
]
J 5 W vew m
N ONILVHIHO
( ) 2 SWOLIVHELIXI ¥NO4 =2
3 5w | 2
~
p i
-
® »
3
2 | @007 W0 104 WOUH
JONVHIXI LV
EYCCPY.T]
¥3ddINLS
QV3HEIAO
IR N0

- 26 -




}!i;i

6L/62/%
200/ u3n

S3LUNIJIvVY O 3TVHS WOMd ST13Nd 3NIGHNL
ONIUNLOVANNYN 804 3TOA03Y NOILONILX3 HLIM Y3INOWHD
—OHGAH 39V1S 3TONIS 40 WVHOVIQ MOT4 DJILVN3HIOS

INAIN

Ot anb1 4

44 ONLAVINL
HILVM JLSWM :INVId LMM
HOLVUVIIS
39NSSd MO 1d3S 9
¥OLviva3s
IYNSSIUd HOH - d3S d'H

:SILON

(9I0VI04ID 1513008

i) 04 Pasnipo sjuiod 4n3) A T
¥201S Q334 ILVNIJIVY

N390HOAH
dn-ivin Oln

(91000410 2413008 4
o4 poisnipe siuiod in3)
JLVNOVHOOUOAM AAH ]

HOLYNOILOVY Y

(910WB410 119068 31
G4 PoISAipO $10d 4n))
JAVHIVHIONGAH LT

(CEXR)

3194934
2 oL sv9
34NSSINd HOIH

L3 AMMOL
LETL R

HOSSIUIW0D
SV9 304034

NOILLOIN)
YALYM HSYM

ANV 3H
0L SON3 {1

HILVIH

HOLIVIY ONINIWHIONTAM

M

NOLIVIY ONIAVINIONOAM

- 27 -




vL 9L
2°88 £°16
2'88 £°16
8lp szl LI6“EEL
9°00( 2oLt
9°001 ULt
6Lt ozt
A% ; 6EY
Le9‘oll 9/2°221
Le9‘ott greg 22t
("1x3 4Wa) L-vII °17v (1OH) L-¥1 ‘LW

28

8°92
1°68
£6e° 021

6Ll
oy

00£°L01

280°SL
892°2¢

3Svd

3 ‘Aou3)23333
ABasuy Leunidyy Alaupydy LLR4dAQD

y-dr
anduy Aaau}ydy ¢°LOA S@ SIoNpoUd 1¥30L

(0Sd8 304 03 P4AAU0Y SBIILLIN
§ (an4 *apnug) Indup Kroupjdy Le3oL

pad4d %°LOA se y-dr
podj %°10p S® $30Npo44 |¥3I0]

SPL3t) SIONPOA4 LINng PindbL

AngLng
v uoumy

@S1S “SIMPOLG M0
101
(4,0v8-059) 1an4 1eL{iIsid
y-de 4,059~
X203 pua (g Ju}{osey 4,00€-¥3
(SIM) dal) @Sdg ‘SIINPodd IaN

31V¥ G334 S48 000°OLL :SISve

710 3IWHS 30NYD 310HM WOUS p-dr ONIZIWIXVW - AUVWARS INY V8 TVIYALVH

{ 378V

- 28 -




174

0°95
0°88
50.°521

6LL
A% J

v99°olLl

Lye*oL
Lie‘op

9L

L°LS
9°06
19v‘eel

8°89
L°60t

ozl
6EY

196°6LL

289°SL
6L2°b

(*1X3 dWg) 2-VII °LW

(13H) 2-vI "1V

0t9°§S

28

9°2¢
L°68
£6€ 021

6LL
vov

00€ ‘0L

£€22°6¢
9v°2L

isva

2 ‘Auaidtyy)
ABuaduz euudy) Aidupsay | LeJaAQ

8-dr
Induy Aidupyay g°(OA S SIONpodq |R30)

(aSdS 304 03 P3lu4aAU0) S3LILLIIN
¥ 19n4 °3pnag) Indup Auaupjay (e3o)

P3a4 3°LOpA se g-4r
P34 g °LOA S® S1INPOJ4g (R3O0}

SPL3IA SIINPO4J (3ny pinb}1

4n4 (ng
JU v

GSLS “SIoNPoLd 4341
Wi0L
(4,068-G€G) L9n4 AeL|lIsig
8-dC 4,5€5-00€
¥503S pudlg auplosey 4,00c-¥)
(S3IN) 4al) aSda ‘SIINPOL4 33N

31vd 0334 S48 000°OLl :SISvE

710 IVHS 30NYD ITOHM WOYL 8-dl ONIZIWIXVW - AYVWWNS JONVIVE TVI¥IIWVKW

Z 378vy

- 29 <




GENERAL

TABLE 3

BASIS FOR DEVELOPING PHASE I ECONOMICS

1. Capital and operating costs estimates for each refining scheme based
on: a) In-house data. B) Literature sources.

2. Processing schemes not optimized.

3. No allowances for transporting raw shale oil to refinery or finished
products from refinery are included.

PLANT COSTS
Location:

Type:

Cost Base:
Feed:
Tankage:
Crude Rate:
Utilities:

CAPITAL RECOVERY

Equity
Financing:

Return on
Investment:

Plant Life:
Depreciation:

Federal Plus
State Tax Rate:

Investment Tax
Credit:

Working Capital:

Mid West
Grass Roots (adjacent to existing refinery)
September 1978
Whole raw shale oil (Paraho)
30 days storage capacity for raw shale oil and products
100,000 BPCD
Available at plant site at costs specified:
Electricity
Steam

Fuel
Cooling Water

Debt
100% Financing: 10% annual interest rate

15% discounted cash flow after taxes
16 years with ze o salvage value

13 years sum of years digits

50%

10% of capital investment

30 days inventory of crude @ $16/Bb1 and

30 days product @ 21/8b1
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TABLE 3 (Continued)
BASIS FOR DEVELOPING PAHSE I ECONOMICS

OPERATING COSTS

Direct Labor

Operators: $9.50/hr.

wtd. avg. $8.80/hr
Helpers: $8.50/hr
Supervision: 25% of labor costs

NOTE: 4.2 shift positions plus 10% relief required for continuous
operation.

Overhead: 100% direct labor (fringe benefits, overhead,
gener?l and administrative and control laboratory
costs).

Maintenance, Local
Taxes and Insurance: 4.5% estimated erected plant costs

Start-up Costs: 5% estimated erected plant costs

Crude Shale 0i1: $16.00/Bb1. at plant site

Product Values: A1l fuels equal ($21.00/Bbl. for calculating working
capital)

By-Products: Amomonia - $120/short ton
Sulfur - $53/1ong ton

UTILITIES
Fuel: $2.50 per 106 net BTY's
(FOE bbl. @ 6.0 X 10° net BTU's)
Electricity: 3.5¢ per kw hour
Cooling Water: 3¢ per 1,000 gallons
Saturated Steam: 600 psig @ $3.90/1,000 1bs.

250 psig @ $3.30/1,000 1bs.
50 psig © $2.50/1,000 1bs.

Catalyst and
Chemicals: At cost

Royalties: Running basis
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TABLE 8
SUMMARY

BASIS: 100,000 BPCD WHOLE RAW SHALE OIL

JP-4 PRODUCTION

Hydrotreat Via HC1 Via DMF ‘
Processing Route Acid Wash Extraction Extraction ﬁ
Jet Fuel Yield, Vol.% ‘
Based on Crude 29.3 11.2 100.6 }
Plant Investment, | %
$/MB Crude 5820 7920 8340
Total Cost, Including .
Crude, $/8 24.98 25.45 28.13 #
¢/Gal 59 61 67 ¥

JP-8 PRODUCTION

Jet Fuel Yield, Vol.%

Based on Crude 35.7 68.8 64.0
Plant Investment,
) $/MB Crude 5820 7830 8230
Total Cost, Including
Crude, $/8 24.98 25.60 27.719
¢/Gal 59 6) 66







